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Summary
Background: The growing trend for women to postpone child-
bearing has resulted in a dramatic increase in the incidence of
trisomic pregnancies. Maternal age-related miscarriage and
birth defects are predominantly a consequence of chromo-
some segregation errors during the first meiotic division (MI),
which involves the segregation of replicated recombined
homologous chromosomes. Despite the importance to human
reproductive health, the events precipitating female age-
related meiotic errors are poorly understood.
Results: Here we use a long-lived wild-type mouse strain to
show that the ability to segregate chromosomes synchro-
nously during anaphase of MI declines dramatically during
female aging. This is preceded by depletion of chromosome-
associated cohesin in association with destabilization of
chiasmata, the physical linkages between homologous chro-
mosomes, and loss of the tight association between sister
centromeres. Loss of cohesin is not due to an age-related
decline in the ability of the spindle checkpoint to delay sepa-
rase-mediated cleavage of cohesin until entry into anaphase
I. However, we find that reduced cohesin is accompanied
by depletion of Sgo2, which protects centromeric cohesin
during MI.
Conclusions: The data indicate that cohesin declines gradu-
ally during the long prophase arrest that precedesMI in female
mammals. In aged oocytes, cohesin levels fall below the level
required to stabilize chiasmata and to hold sister centromeres
tightly together, leading to chromosome missegregation
during MI. Cohesin loss may be amplified by a concomitant
decline in the levels of the centromeric cohesin protector*Correspondence: mary.herbert@newcastle.ac.ukSgo2. These findings indicate that cohesin is a key molecular
link between female aging and chromosome missegregation
during MI.
Introduction
The formation of haploid gametes from diploid progenitors
requires a specialized form of cell division, known as meiosis,
in which two rounds of chromosome segregation follow
a single round of DNA replication. The first, or reductional, divi-
sion (MI) halves the number of chromosomes through the
segregation of recombinant maternal and paternal homolo-
gous chromosomes, and sister chromatids disjoin in the
second, equational, division (MII). In humans, the frequency
of meiotic segregation errors increases as women age, result-
ing in a dramatically increased incidence of miscarriage and
birth defects, notably Down’s syndrome (trisomy 21), after
the age ofw35 [1]. Indeed, the incidence of Down’s syndrome
pregnancy has increased by 71% in association with
increased maternal age during the past 20 years [2]. Although
it is known that the majority of meiotic segregation errors arise
during MI [1], the primary causes and the biological basis for
their association with female age are unknown.
Proper segregation of homologous chromosomes depends
on two processes unique to MI [3]: first, maternal and paternal
homologs undergo reciprocal recombination between non-
sister chromatids to generate crossovers [4]. In the resulting
structures, known as bivalent chromosomes, recombined
homologs are linked by chiasmata, which correspond to the
site of crossovers, and are stabilized by sister chromatid cohe-
sion on chromosome arms [3, 5]. Second, segregation of
homologs requires that kinetochores on sister chromatids
attach to microtubules emanating from the same spindle
pole [6, 7]. Monopolar kinetochore-microtubule attachment
of sisters requires that sister centromeres are closely
apposed. This depends on centromeric cohesion and addi-
tional factors, which are known as monopolins in yeast [8, 9]
but have not yet been identified in mammals.
A single chiasma can connect all four chromatids of a biva-
lent because sister chromatids have been linked to each other
previously during DNA replication by cohesin complexes.
Cohesin holds sister chromatids together by entrapping
themwithin a tripartite ring formed between two SMC subunits
and an alpha-kleisin protein [10]. Cohesin in meiotic cells
differs from its mitotic counterpart by several meiosis-specific
subunits, most notably the alpha-kleisin Rec8 [11–13] and, in
mammals, Smc1b [14, 15]. Homolog disjunction during
anaphase of MI is triggered by resolution of chiasmata, which
requires removal of cohesin from chromosome arms by sepa-
rase, a protease that cleaves the kleisin subunit [16–18]. As in
mitosis, activation of separase depends on the degradation of
its inhibitors, securin and cyclin B [19, 20], which is triggered
by a ubiquitin ligase known as the anaphase-promoting
complex, or APC/C [20]. Degradation of securin and cyclin B
is controlled by the spindle assembly checkpoint [20–23],
which inhibits the APC/C in the presence of unattached kinet-
ochores [24]. Cohesin at the centromeres persists until MII
[16, 17], where it serves to biorient sister chromatids in
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Figure 1. Chromosomal Defects during Oocyte Maturation from Germinal Vesicle Stage to Polar Body Formation
Chromatin dynamics were visualized by live-cell imaging of oocytes injected with mRNA encoding histone H2-RFP. Images were acquired on 53 7.5 mm Z
planes every 20 min for 16–18 hr.
(A) Representative bright-field images of an oocyte during progression from prophase (germinal vesicle [GV] stage; the GV is indicated by a black arrow) to
prometaphase (GV breakdown [GVBD]) and metaphase of meiosis II (MII). The polar body (PB) of the MII oocyte is indicated by a white arrow. The timeline
indicates the mean interval from GVBD to PB formation in 2-month-old (n = 35) and 14-month-old (n = 25) oocytes (see also Figures S1A and S1B).
(B) Still images from chromosomemovies showing examples of chromosomal defects ranging from none to severe (see also Movie S1 and Figures S1C and
S1D). The top panels showmisalignment atMI, themiddle panels show anaphase defects, and the bottompanels showmisalignment atMII. Scale bar repre-
sents 10 mm.
(C) Frequency of chromosomal defects in oocytes from 2- and 14-month-old mice scored for misalignment at MI, anaphase I, andMII. Only those oocytes in
which each event could be clearly visualized were included. The proportion of oocytes showing normal alignment at MI (p < 0.05) and MII (p < 0.01) was
significantly higher in the 2-month-old group. The incidence of anaphase defects was significantly higher in 14-month-old oocytes (p < 0.01). Misalignment
at MII was associatedwith loss of spindle organization (see alsoMovie S1, parts 5 and 6, and Figure S1E) and premature separation of sister chromatids (see
also Figures S1F and S1G).
(D) Timeline showing the incidence of defects in relation to interval from GVBD to congression (white bar) and congression to anaphase (shaded bar). Data
are based on a subset of oocytes (n = 12 oocytes from five 2-month-old mice; n = 19 oocytes from seven 14-month-old mice) in which chromosomes could
be tracked during congression, preanaphase alignment, anaphase I, and realignment at MII. Failed congression was observed in 1 of 19 oocytes from the
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1513preparation for the equational division. Protection of centro-
meric cohesin from separase during anaphase of MI depends
on orthologs of the Drosophila Mei-S332 protein [25], called
shugoshins [26]. For instance, oocytes lacking Sgo2 cleave
arm and centromeric cohesin in meiosis I, leading to prema-
ture separation of sisters [27, 28]. Interestingly, mammalian
shugoshin orthologs also protect centromeric cohesin from
removal by a separase-independent mechanism known as
the prophase pathway, which removes the majority of arm
cohesin during prophase and prometaphase in somatic cells
[29–31]. It is not known, however, whether a similarmechanism
operates during meiosis. Maintaining the integrity of cohesion
during prophase is a particularly challenging task during the
extraordinarily protracted process of mammalian female
meiosis [32], in which chiasmata are formed during fetal devel-
opment and are not resolved until shortly before ovulation
occurs in the sexually mature female.
A number of considerations make cohesin a strong candi-
date for a key factor in the maternal age-related increase in
meiotic segregation errors. First, cohesin is essential for stabi-
lizing chiasmata and thereby for the integrity of bivalents.
Second, at least in proliferating yeast cells, only cohesin
loaded during DNA replication is able to support cohesion
between sister chromatids [33, 34]. If this also applies to
human oocytes, then the cohesin complexes loaded during
fetal development would be essential for chromosome segre-
gation decades later. Third, oocytes of mice lacking the
meiosis-specific cohesin subunit Smc1b [14] show a progres-
sive loss of bivalent integrity during female aging [35]. Similar
findings were reported from a study of cohesin-deficient
Drosophila oocytes [36]. Importantly, however, it remains
unclear whether cohesin function declines with increasing
age in wild-type animals and healthy women.
To address this question, we have analyzed oocytes from
a long-lived mouse strain that is free of specific pathologies
[37]. Our data indicate that female aging is characterized by
depletion of cohesin, which destabilizes chiasmata and
induces loss of the tight association between sister centro-
meres, resulting in major anaphase defects during MI. Loss
of cohesin during female aging was not due to defective
spindle checkpoint function but was associated with reduced
levels of Sgo2.
Results
Meiotic Progression and Chromosomal Aberrations
in Oocytes of Aged Mice
To investigate thematernal age effect in awild-typemouse, we
performed live-cell imaging tomonitor chromosome dynamics
in oocytes from an aged mouse colony of the C57BL/Icrfat
strain, which is free of specific pathologies and is relatively
long lived (mean female age at death: 25 6 0.35 months)
[37]. Female fertility in this strain declines significantly after
8 months, and females are mostly sterile by 12 months.
However, sporadic litters have been recorded up to 16 months
[37]. Consistent with the decline in fertility, the number of14-month-old females (indicated by the black arrow; see also Movie S1, part 4
and severe segregation defects in 4 of 19 oocytes from 14-month-old mice. No
went anaphase within the normal time frame.
(E) Graph shows the difference in the intervals from GVBD to congression and a
to anaphase was significantly longer in oocytes from 14-month-old compared
congression was not significantly different between oocytes from 2- and 14-m
longer in oocytes from 14-month-old compared to 2-month-old mice (p < 0.01oocytes harvested from antral follicles after superovulation
was significantly reduced in 14-month-old compared with
2-month-old females (see Figure S1A available online).
Surprisingly, the proportion of oocytes that progressed from
prophase of MI, known as the germinal vesicle (GV) stage, to
MII arrest was significantly higher in 14-month-old females
(Figure 1A; Figure S1B). However, the majority of 14-month-
old oocytes failed to properly segregate their chromosomes
during anaphase of MI.
Analysis of anaphase defects in all oocytes in which
anaphase could be clearly visualized (n = 19) showed that,
despite undergoing largely normal alignment in the image
preceding anaphase (Figures 1B and 1C; Figures S1C and
S1D; Movie S1, parts 1 and 3), the majority of aged oocytes
showed anaphase defects ranging in severity from a single
lagging chromosome to severe anaphase bridges (Figures
1B and 1C; Figure S1D; Movie S1, parts 2 and 3). This was fol-
lowed by misalignment at MII in the majority of aged oocytes
(Figures 1B and 1C; Figure S1D; Movie S1, parts 2 and 3).
Because chromosomes move in and out of focus, it was not
possible to track all events in all oocytes. However, analysis of
a subset of oocytes in which chromosomes could be tracked
from congression to anaphase of MI and realignment at MII
(Figure 1D) showed that chromosome congression and migra-
tion to the oocyte cortex occurred normally in 18 of 19 oocytes
from 14-month-old mice. This indicates that the F-actin-based
mechanism responsible for their translocation [38–40] did not
deteriorate during female aging. The interval from germinal
vesicle breakdown (GVBD) to anaphase was significantly
longer (p < 0.05) in oocytes from 14-month-old mice (Fig-
ure 1E). This was due to a prolonged interval from congression
to anaphase rather than to delayed congression (Figure 1E).
Severe anaphase defects in association with retraction of the
polar body were observed in four oocytes in which anaphase
was delayed (Figure 1D). However, anaphase defects were
also observed in oocytes that underwent homolog disjunction
within the normal timeframe (Figure 1D).
Consistent with the largely normal congression of chromo-
somes, live-cell imaging of oocytes coexpressing H2B-RFP
and b-Tubulin-GFP revealed that young and aged oocytes
assembled a bipolar spindle during MI (Movie S1, parts 5
and 6). However, we found that misalignment of chromo-
somes during MII was accompanied by a progressive loss of
spindle organization (Figure S1E; Movie S1, part 6). We do
not believe that this was due to a general age-related deterio-
ration of cytoskeletal function because the MI spindle
remained stable, even during prolonged arrest in MI
(Movie S1, part 7), indicating that the spindle defect was
specific to MII. Thus, the anaphase defects observed during
MI were likely due to a failure of aged oocytes to either estab-
lish or maintain normal biorientation of bivalents despite
assembly of a bipolar spindle. In support of this, formation
of bipolar spindle and chromosome congression occur inde-
pendently of bivalent biorientation duringMI in mouse oocytes
[41]. The anaphase defects together with the presence of
precociously separated chromatids, which were seen in). Polar body retraction was observed in association with delayed anaphase
te that severe anaphase defects were also observed in oocytes that under-
naphase in oocytes from 2- and 14-month-old mice. The interval from GVBD
with oocytes from 2-month-old mice (p < 0.05). The interval from GVBD to
onth-old mice. The interval from congression to anaphase was significantly
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Figure 2. Chromosome-Associated Cohesin Is
Reduced in Oocytes of Aged Mice
(A) Representative images showing DNA, Rec8,
and CREST staining of chromosome spreads
prepared on paraformaldehyde-coated slides
during prometaphase (GVBD + 5–6 hr) from
2-month-old (n = 14 oocytes from four mice)
and 14-month-old (n = nine oocytes from six
mice) mice. Insets show enlarged images of chro-
mosomes at 2 months (top) and 14 months
(bottom). Scale bar represents 10 mm. Notably,
the intense Rec8 staining under the centromere
in 2-month-old oocytes was not detected in
14-month-old oocytes.
(B) Frequency distribution of Rec8:CREST fluo-
rescence intensity ratios at the centromeres of
2-month-old (n = 302 centromeres; eight oocytes
from four mice) and 14-month-old (n = 270
centromeres; seven oocytes from six mice)
oocytes. The respective mean ratios were
1.71 6 0.911 and 1.02 6 0.732 (p < 0.001).
(C) Images show the nuclei of prophase-arrested
(GV-stage) oocytes fixed using the same method
as in (A). Representative images show DNA,
Rec8, and CREST staining in the nuclei of a repre-
sentative fully grown GV oocyte from 2-month-
old (n = 18 oocytes from three mice) and
14-month-old (n = 16 from six mice) mice. Scale
bar represents 10 mm. Representative 3D surface
plots show higher Rec8 pixel fluorescence inten-
sity in the 2-month-old compared with 14-month-
old GV oocytes.
(D) Oocytes from preantral follicles were fixed as
in (A). Representative images show DNA, Rec8,
and CREST staining in the nuclei of oocytes
from 2-month-old (n = 21 from three mice) and
14-month-old (n = 12 from six mice) mice. Scale
bar represents 10 mm. Representative 3D surface
plots show higher Rec8 pixel fluorescence inten-
sity in the 2-month-old compared to 14-month-
old oocytes.
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151413 of 14 MII oocytes from aged mice compared with none in
oocytes (n = 8) from 2-month-old mice (Figures S1F and
S1G), are consistent with a failure to establish or maintain
monopolar kinetochore-microtubule attachment of sisters,
which is required for biorientation of homologs.
Cohesin Is Reduced on Arms and at Centromeres
in Oocytes of Aged Mice
Having established that the C57BL/Icrfat strain exhibits
a marked maternal age effect, we next determined whether
female aging is accompanied by depletion of cohesin.Immunofluorescence labeling of the
cohesin subunit Rec8 during prometa-
phase I (GVBD + 5–6 hr) revealed mark-
edly reduced levels on chromosomes
of 14-month-old mice (Figure 2A). Rec8
was largely absent from chromosome
arms; notably, the intense Rec8 staining
in the pericentromeric region in 2-
month-old oocytes was not detected in
14-month-old oocytes (Figure 2A).
To determine whether Rec8 was specifi-
cally reduced at centromeres, we com-
pared the Rec8:CREST fluorescence
intensity ratio between the two agegroups. This revealed significantly reduced colocalization of
Rec8 with CREST foci in oocytes of 14-month-old mice
(p < 0.001; Figure 2B). Thus, these findings indicate that repro-
ductive aging is associated with depletion of cohesin on
chromosome arms and at centromeres.
To test the idea that cohesin is depleted during the extended
prophase arrest of oocytes from 14-month-old mice, we
compared the levels of immunodetectable Rec8 in the nuclei
of GV-stage oocytes from young and aged females. As with
prometaphase oocytes, GV oocytes were spread on parafor-
maldehyde-coated slides. These experiments indicated that
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1515localization of cohesin to DNA in prophase-arrested oocytes is
reduced in oocytes of agedmice (Figure 2C). This was the case
for fully grown GV-stage oocytes from preovulatory follicles
and for oocytes from preantral follicles (Figure 2D), indicating
that depletion of cohesin occurs at all stages of oocyte growth.
These data raise the possibility that cohesin loss during the
prolonged prophase arrest of aged oocytes is responsible
for the observed age-related chromosome segregation
defects during anaphase of MI.
The Age-Related Cohesin Deficiency Is Associated
with Disruption of Bivalent Structure
Because arm cohesin is required to stabilize chiasmata, we
asked whether reduced cohesin in oocytes of aged mice is
associated with premature loss of the physical linkages
between homologs. Analysis of chromosome spreads during
prometaphase I (GVBD + 5 hr) indicated that complete separa-
tion of homologs is rare in aged oocytes, because we did not
observe univalents. However, distally associated homologs
without a visible chiasma were prevalent in the 14-month-old
oocytes (Figure 3A). Classification of bivalents according to
the number of visible chiasmata indicated that aged oocytes
contained an increased proportion (p < 0.001) of distally asso-
ciated homologs compared with oocytes from young mice
(Figure 3B). This was accompanied by a significant decline in
the proportion of bivalents with a single chiasma (p < 0.001).
The proportion of bivalents with multiple chiasmata was not
different between the two age groups (Figure 3B). The dispro-
portionate decline in single chiasmate bivalents suggests that
they were selectively destabilized. In support of this, oocytes
lacking the meiotic cohesin subunit Smc1b show a prevalence
of distally associated homologs during prometaphase despite
having no skew in sites at which crossovers were formed in
early prophase [35]. Crucially, this effect was amplified during
prolonged prophase arrest and during progression though
prometaphase [35]. Thus, our findings, together with those in
Smc1b2/2 oocytes, indicate that destabilization of chiasmata
in association with cohesin depletion is a general feature of
female aging. According to our current understanding, biva-
lents whose integrity is compromised by destabilization of
chiasmata would be unable to establish the tension required
for stable biorientation of homologs.
It was evident from the CREST staining that the close appo-
sition of sister centromeres, which is required for the establish-
ment ofmonopolar sister kinetochore-microtubule attachment
[6, 7], was also disrupted in oocytes from aged mice. Although
CREST antiserum, which recognizes the centromeric proteins
CENP-A, CENP-B, and CENP-C [42], stained single foci at
90% of MI centromeres in oocytes from young mice, this was
the case in only 32% of centromeres in 14-month-old oocytes
(Figures 3C and 3D). The remainder appeared as two separate
but adjacent foci or as two well-separated foci (Figures 3C and
3D). Consistent with this, we found that the distance between
sister centromeres was significantly increased in oocytes
from 14-month-old mice compared with those from the
younger females (Figure 3E). Moreover, the Rec8:CREST fluo-
rescence intensity ratio in aged oocytes was negatively corre-
latedwith the distance between sister centromeres (Figure 3F).
On the basis of these findings, we propose that depletion of
centromeric cohesin impairs the ability to establish and main-
tain monopolar sister kinetochore-microtubule attachments,
leading to bipolar attachment and splitting of sister centro-
meres. The counteracting forces of microtubules pulling sister
centromeres towardoppositepoles and theprotective effect ofresidual Sgo2 on cohesin remaining at centromeres until entry
into anaphase provides a plausible explanation for the preva-
lence of anaphase defects in aged oocytes. In support of this,
splitting of sister centromeres in association with bipolar
attachments and lagging chromosomes has been observed
in Sycp32/2 mouse oocytes, which contain a small number of
univalent chromosomes [43]. It is conceivable that the more
severe anaphase defects observed in oocytes from aged
mice were caused by bipolar attachment of sisters from intact
bivalents. In this regard, it is notable that disruption of sister
centromere geometry wasmore prevalent than loss of bivalent
integrity in aged oocytes (compare Figures 3B and 3D).
To determine whether intercentromere distance increased
progressively during prophase, we performed a series of
experiments to compare the distance between sister centro-
meres in oocytes from 2-, 8-, 11-, and 14-month-old oocytes
during prometaphase (GVBD + 5 hr). This indicated that the
distance between sister centromeres increases with age but
that the difference does not increase significantly after 11
months. These findings are consistent with C57BL/Icrfat
females being largely sterile by 12 months and indicate that
progressive disruption of bivalent structure as a result of
gradual loss of cohesin during prophase arrest is a defining
feature of female reproductive aging.
Cohesin Depletion in Aged Oocytes Is Spindle Checkpoint
Independent
What might be the mechanistic basis of the age-related deple-
tion of Rec8? Homolog disjunction in mouse oocytes requires
degradation of securin and cyclin B [19, 20] under the control
of the spindle checkpoint [20, 21], leading to cleavage of
Rec8 by separase [17]. Thus, age-related deterioration of
spindle checkpoint function leading to premature activation
of separase could contribute to the reduced levels of chromo-
some-associated cohesin. Functional disruption of the spindle
checkpoint inmouse oocytes results in accelerated polar body
formation [20–23], premature degradation of the APC/C
substrates cyclin B and securin [20, 21], and failure to inhibit
their degradation in the presence of the microtubule-depoly-
merizing drug nocodazole [20, 21, 23, 44]. Consistent with
the data shown in Figure 1E, polar body formation did not
occur prematurely in oocytes of aged females (Figure 4A).
Furthermore, live-cell imaging of oocytes injected with se-
curin-YFP mRNA revealed no difference in the interval from
GVBD to the onset of securin degradation between young
and aged oocytes (Figures 4B and 4C). In addition, we found
that aged oocytes did not degrade cyclin B-GFP in response
to nocodazole-induced spindle damage (Figure 4D). Consis-
tent with a previous report [45], these data indicate that the
spindle checkpoint in oocytes is not compromised by female
aging. We conclude that premature activation of separase
because of defective spindle checkpoint function does not
contribute to the age-related cohesin deficiency.
Sgo2 Is Depleted in Oocytes of Aged Mice
In somatic cells, the bulk of cohesin is removed from chromo-
some arms during prophase and prometaphase by a sepa-
rase-independent mechanism called the prophase pathway
[46]. Given the extended duration of prophase arrest during
female reproductive aging, unbridled activity of a mechanism
analogous to the prophase pathway could account for the co-
hesin deficiency in oocytes of aged mice. Indeed, Smc1b2/2
oocytes show progressive loss of bivalent integrity during
the prolonged prophase arrest and during progression
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Figure 3. Reduced Cohesin Is Associated with Destabilization of Chiasmata and Splitting of Sister Centromeres
Chromosome spreads were prepared during prometaphase of MI (GVBD + 5–6 hr).
(A) Representative images of spreads from 2- and 14-month-old oocytes. The inset in the 14-month-old image shows an example of distally associated
homologs with no visible chiasma. Scale bar represents 10 mm.
(B) Analysis of the proportions of homologs classified as having no visible chiasma, a single chiasma, or >1 chiasma in oocytes from 2-month-old (n = 36 from
five females) and 14-month-old (n = 18 from seven females) mice with representative images. The analysis was based on pairs of homologs in which the
number of chiasma could be clearly determined (n = 693 from 2-month-old oocytes; n = 292 from 14-month-old oocytes).
(C) Examples showing closely apposed or ‘‘unified’’ sister centromeres in which the CREST stained as single foci, ‘‘adjacent’’ centromeres in which the CREST
signalappearedas twoadjacentbutdistinct foci, and ‘‘separated’’ sistercentromeres inwhichtheCRESTfociwerewell separatedbutsistershadnotsegregated.
(D) Graph shows the proportions of centromeres in 2-month-old (n = 360 centromeres) and 14-month-old (n = 293 centromeres) oocytes showing unified,
adjacent, and separated sister centromeres. The proportion of sister centromeres showing a closely apposed unified structure was significantly (p < 0.001)
reduced in 14-month-old oocytes, whereas the incidence of adjacent and separated foci was significantly (p < 0.001) higher.
(E) Frequency distribution of the distance between sister centromeres, asmeasured from the outermargins of CREST signals in 2-month-old (n = 298 centro-
meres; eight oocytes from four mice) and 14-month-old (n = 268 centromeres; seven oocytes from six mice) oocytes, showing a significantly greater mean
distance in the 14-month-old compared with 2-month-old oocytes (p < 0.001). Inset shows an example of the measurement performed.
(F) Scatter plot showing a negative correlation between the intercentromere distance and the Rec8:CREST fluorescence intensity ratios.
(G) Graph shows the distance between the outer margins of CREST signals in 2-month-old (n = 218 centromeres; 10 oocytes from one mouse), 8-month-old
(n = 127 centromeres; six oocytes from two mice), 11-month-old (n = 121 centromeres; four oocytes from one mouse), and 14-month-old (n = 199 centro-
meres; nine oocytes from fourmice) oocytes. The distancewas significantly higher in the 11- and 14-month-old compared to the 2- and 8-month-old oocytes
(p < 0.001). The calibrated pixel size for the microscope objective is 66.89 nm.
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1516through prometaphase [35], indicating that non-Smc1b–con-
taining complexes are vulnerable to removal during prophase
and prometaphase. However, our finding that cohesin was
reduced at centromeres of aged oocytes argues against
a meiotic equivalent of the prophase pathway being the sole
mechanism of cohesin depletion, because centromeric cohe-
sin is protected from the prophase pathway by a Sgo-depen-
dent mechanism in somatic cells [28, 30, 31]. We asked, there-
fore, whether Sgo2, which protects centromeric cohesin
during anaphase I in mouse oocytes [28], is reduced in agedoocytes. Sgo2 was detectable by immunolabeling on chromo-
some arms, as well as at centromeres (Figure 5A). Localization
of Sgo2 to chromosome arms, which has not previously been
reported, did not appear to be due to nonspecific binding of
the antibody, because no signal was detected on chromo-
somes of oocytes injected with Sgo2 small interfering RNA
(siRNA; Figure S2A). Although Sgo2 was detectable in oocytes
from 14-month-old mice, the signal was reduced compared
with the 2-month-old group (Figures 5A and 5B). Because
Sgo2 is known to protect centromeric cohesin from
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Figure 4. Spindle Checkpoint Function Is Not Impaired in Oocytes from Aged Mice
(A) Bright-field time-lapse images were acquired of oocytes from 2- and 14-month-old mice every 20 min for 16–18 hr. Analysis showed no significant differ-
ence in the interval from GVBD to polar body formation in oocytes from 2-month-old (n = 37) and 14-month-old (n = 16) mice.
(B) Oocytes from 2- and 14-month-old mice were microinjected with securin-YFP mRNA. Fluorescence intensity measurements were obtained by time-
lapse imaging of oocytes every 20 min. Representative profiles are shown of securin-YFP expression in 2-month-old (n = 11 from three mice) and
14-month-old (n = 5 from six mice) oocytes.
(C) Comparison of the mean interval from GVBD to onset of securin-YFP degradation showing no difference in the timing of onset of degradation between
2-month-old (n = 11) and 14-month-old (n = 5) oocytes.
(D) Representative time-lapse fluorescence intensity measurements of oocytes from 14-month-old mice injected with cyclin B1-GFP in the presence (n = 7)
and absence (n = 4) of nocodazole (400 nM). Cyclin B1 is stabilized in the presence of nocodazole in aged oocytes.
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1517separase-mediated cleavage during anaphase of MI [28],
these data, together with the reduced cohesin levels in
oocytes of agedmice, provide an explanation for the presence
of single sisters in MII oocytes from aged mice (Figures S1G
and S1F). Furthermore, our data raise the possibility that
Sgo2 may also have a role in protecting cohesin before the
onset of anaphase in oocytes of aged mice.
Next,we askedwhether Sgo2 is recruited to chromosomes in
prophase or in prometaphase. Immunolabeling of fully grown
prophase-arrested oocytes, using the same spreading tech-
nique as for prometaphase oocytes, indicated that Sgo2 is
predominantly localized to thenucleolusandthat the levelofco-
localization with DNA or CREST is very low (Figure S2B). Thus,
Sgo2 is unlikely to be involved in protecting cohesin during
the prolonged prophase arrest of aged oocytes. However, we
cannot ruleout thepossibility thatSgo2may localize tochromo-
somes at an earlier stage of prophase. Nonetheless, it can be
concluded that recruitment of Sgo2 to chromosomes increases
during late prophase and/or prometaphase.
To determine whether the reduced levels of chromosome-
associated Sgo2 in aged oocytes were a consequence of
reduced cohesin, we performed immunolabeling of chromo-
some spreads prepared from Smc1b2/2 oocytes. Analysis of
prometaphase chromosomes (GVBD + 5 hr) indicated that
oocytes lacking Smc1b had reduced levels of chromosome-
associatedSgo2 (Figures5Cand5D). This indicates that recruit-
ment or retention of Sgo2 is influenced either directly or
indirectly by the level of cohesin in mouse oocytes and is
consistent with findings in maize meiosis [47]. We propose
that depletion of cohesin during the extended prophase of
aged oocytes results in reduced recruitment or retention ofSgo2, which may in turn amplify loss of cohesin during
prometaphase. Given that loss of Sgo2 has no obvious
consequence during prometaphase in oocytes from young
females [28] (see also Figure S2A), it is possible that oocytes
from aged mice, whose cohesin is already depleted, may be
sensitive to loss of even a minor protective effect during
prometaphase.
Discussion
Despite the long-established association between advanced
maternal age and the incidence of trisomy, the molecular link
between female age and germline genomic instability has re-
mained elusive. Many mechanisms have been proposed, and
these can be broken down into two general categories: (1)
a decline in a large number of different processes, including
metabolic capacity and cytoskeletal function, leading to
a decline in general fitness of older oocytes, and (2) an age-
dependent decline in a process specifically required for chro-
mosome segregation. Here we use oocytes of a long-lived,
nonmutant mouse model to identify the events involved in
female age-related chromosome missegregation. Using live-
cell imaging, we show that female aging is characterized by
a dramatic decline in the ability to orchestrate synchronous
segregation of homologs during MI. This was preceded by
depletion of chromosome-associated cohesin. Our data indi-
cate that the age-related loss of cohesin is accompanied by
destabilization of chiasmata and loss of the tight association
between sister centromeres, both of which contravene the
structural requirements for stable biorientation of homologous
chromosomes [3]. Importantly, our findings indicate that
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Figure 5. Sgo2 Levels Are Reduced in Oocytes of Aged Mice
(A) Chromosome spreads were prepared during prometaphase (GVBD + 5 hr) of oocytes from 2-month-old (n = 20 from threemice) and 14-month-old (n = 10
from fourmice)mice. Immunofluorescence labeling of Sgo2 and CRESTwas performed. Inset shows enlarged images of chromosome. Scale bar represents
10 mm. Immunofluorescence labeling of Sgo2 shows reduced Sgo2 levels on chromosomes of oocytes from 14-month-old compared to 2-month-old mice.
Sgo2 was observed on arms and at centromeres (see also Figure S2A) and was largely localized to the nucleolus during prophase (see also Figure S2B).
(B) Representative 3D surface plots showing higher Sgo2 fluorescence intensity on chromosomes of 2-month-old compared with 14-month-old oocytes
prepared as in (A).
(C) Chromosome spreads were prepared during prometaphase (GVBD + 5 hr) of oocytes from Smc1b2/2 (n = 20 from three mice) and Smc1b heterozygous
and wild-type mice (n = 32 from three mice). Immunofluorescence labeling of Sgo2 and CREST was performed. Inset shows enlarged images of chromo-
somes. Scale bar represents 10 mm.
(D) Representative 3D surface plots showing reduced Sgo2 fluorescence intensity on chromosomes of Smc1b2/2 compared with wild-type oocytes,
prepared as in (C).
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1518cohesin depletion occurs during the prolonged prophase
arrest of oocytes from aged females. However, we found
that Sgo2, which appears to not be recruited to chromosomes
until late prophase and/or prometaphase, is also reduced in
oocytes from aged mice. This is likely to be a consequence
of reduced cohesin, because oocytes lacking the cohesin
subunit Smc1b were also found to have reduced levels of
Sgo2. Thus, our data support amodel in which depletion of co-
hesin during the extended prophase arrest gives rise to
reduced recruitment of Sgo2, which in turn may amplify lossof cohesin during prometaphase. We propose that this results
in depletion of cohesin below a threshold level required to
stabilize chiasmata and to hold sister centromeres tightly
together in oocytes from aged females.
Our findings indicate that the spindle instability observed
during MII in aged oocytes is not due to a general age-related
deterioration of cytoskeletal function, because the MI spindle
was stable evenduringprolongedperiods ofMI arrest. Further-
more, there was no obvious impairment of the F-actin-based
mechanism [38–40] that moves the spindle to the oocyte
Cohesin Loss during Female Reproductive Aging
1519cortex.Wealso found that congressionof chromosomeson the
MI spindlewas largely normal in aged oocytes. Together, these
observations argue against the maternal age-related meiotic
segregation errors being the result of a gradual accumulation
of age-related defects in organelle synthesis and/or turnover
and bioenergy production that drive aging in somatic tissues
[48]. Given that loss of cohesin is sufficient to explain the
observed disruption of bivalent structure and anaphase I
aberrations, our data, together with findings in mutant mouse
strains [35, 49] and Drosophila oocytes [36], identify cohesin
as a prime candidate for the molecular link between female
aging and chromosome missegregation during MI.
A key question in understanding the primary causes of
age-related cohesin depletion is whether the maintenance of
cohesion depends on ongoing turnover and replenishment
of cohesin complexes or is mediated solely by cohesin
complexes loaded in S phase, as is the case in proliferating
yeast cells [33, 34]. If the latter is true, then what mechanisms
might be responsible for the remarkable feat of ensuring that
cohesin complexes loaded in the premeiotic S phase remain
intact from fetal life until the oocyte is ovulated? It is conceiv-
able that the age-related depletion of cohesin could be due to
a decline in the function of cohesin subunits, for instance by
oxidative damage. Alternatively, a gradual loss of cohesin
during prophase might be due to deterioration of mechanisms
protecting cohesin from premature removal from chromo-
somes. Cohesin might be removed by a low background
activity of either separase or a meiotic equivalent of the
prophase pathway. Cohesion depletion in aged oocytes could
be explained simply by the extended duration of exposure to
such an activity. Our findings indicate that this may have
a self-amplifying effect by reducing the recruitment or reten-
tion of Sgo2 during prometaphase.
Our finding that reduced cohesin was associated with loss
of the closely apposed structure of sister centromeres in asso-
ciation with the observed anaphase defects indicates that
aberrant kinetochore-microtubule attachments were preva-
lent and escaped detection in oocytes of aged mice. How
can this be reconciled with the finding that oocyte spindle
checkpoint function was not affected by female aging? First,
prometaphasewas prolonged in a proportion of aged oocytes,
and thiswas frequently associatedwithmore severe anaphase
defects. This may have been due to inhibition of anaphase
onset by the spindle checkpoint until sufficient tension could
be generated through the establishment of kinetochore-micro-
tubule attachments. Second, evidence from studies in oocytes
of Sycp32/2 mice indicates that univalent chromosomes
evade the spindle checkpoint by satisfying its requirement
for tension and attachment through the establishment of
bipolar attachments of sisters [43]. Thus, the oocyte spindle
checkpoint, although functional in other respects [20–23, 44],
is not equipped to enforce monopolar attachment of sisters
during MI. In the absence of a checkpoint mechanism to deter
the formation of bipolar sister attachments, it can be
concluded that the ability of oocytes to orchestrate the reduc-
tional division is heavily reliant on the close apposition of sister
centromeres. Consistent with findings in fission yeast [50], our
data indicate that Rec8 serves this function in mammalian
oocytes and that reduced Rec8 at centromeres in aged mice
makes it difficult to maintain or establish the monopolar sister
kinetochore-microtubule attachments required for normal bio-
rientation and segregation of homologs.
Although our interpretation of the data centers on progres-
sive loss of cohesin during prolonged prophase arrestresulting in disruption of bivalent structure, it could be argued
that the prevalence of meiotic defects in oocytes of older
females can be explained by a ‘‘bottom of the barrel’’ effect
in which inherently defective oocytes are not selected for
growth and ovulation until late in the reproductive life span.
In the context of our data, a prediction of this hypothesis is
that oocytes remaining in the ovary at the end of the reproduc-
tive life span would have loaded less cohesin during
premeiotic S phase compared with those ovulated early in
the reproductive life span. This prediction is difficult to test;
however, we believe it to be implausible on the basis that
Rec8 has a conserved role in ensuring reciprocal recombina-
tion between homologous nonsisters [51] and that absence
of Rec8 is not compatible with survival of oocytes beyond early
prophase [51]. Thus, oocytes entering meiosis with reduced
levels of Rec8 would most likely not survive and/or would
show a global reduction in the number of chiasmata rather
than the selective reduction in single chiasmate bivalents
observed here. We therefore favor the hypothesis that the
increased incidence of MI segregation errors is due to deple-
tion of cohesin during the prolonged period of prophase arrest,
which may be coupled with accelerated loss of cohesin during
prometaphase because of reduced Sgo2.
Finally, the prevalence and severity of the age-related
meiotic defects reported here most likely represent the
extreme end of the spectrum, because C57BL/Icrfat females
are largely sterile by 12 months [37]. However, our findings of
precocious separation of homologs and sister chromatids,
together with spindle instability at MII, are consistent with
the reported age-related defects in human oocytes [52–54].
In addition, the selective destabilization of single chiasmate
homologs observed in oocytes of agedmice provides amech-
anistic insight into the finding that children born to older
mothers have an increased frequency of maternal crossovers
[55]. This supports the hypothesis that bivalents with high
levels of crossovers would be better equipped to withstand
the destabilizing effect of cohesin depletion during female
aging, thereby increasing the probability of establishing
a normal pregnancy [55]. On the other hand, it is likely that
destabilization of susceptible bivalents together with impaired
monopolar attachment of sister kinetochores contributes to
female age-related infertility by inducing severe anaphase
defects. Embryos arising from such oocytes would likely
undergo developmental arrest before implantation as a result
of grossly abnormal chromosome constitutions.Experimental Procedures
Mouse Strains
Mice were obtained from a long-established colony of the C57BL/Icrfat
strain, which had been selected for use in studies of intrinsic aging because
it is free from specific age-associated pathologies and thus provides a good
general model of aging [37]. Generation of Smc1b2/2 mice has been
described previously [15]. The research was licensed by the UK Home
Office.
Isolation and Culture of Prophase-Arrested Oocytes
Prophase-arrested oocytes were harvested from excised ovaries of females
primed with an injection of PMSG (7.5 IU, Sigma Aldrich). Antral follicles
were punctured using sterile insulin needles in M2 medium (Sigma) supple-
mented with 0.044 mg/ml IBMX (Sigma Aldrich) prior to in vitro culture for
chromosome spreads or mRNA injections or with 0.011 mg/ml IBMX and
0.011 mg/ml cyclic AMP (cAMP) for siRNA injections. The oocytes were
placed in droplets of the samemedium for injection. For preparation of chro-
mosome spreads, the oocytes were transferred into IBMX-free G-IVF
medium for in vitro culture. Following mRNA injection, oocytes were
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1520transferred into IBMX-supplemented G-IVF medium (Vitrolife), where they
remained for 2–3 hr before being placed in IBMX-free G-IVF medium for
time-lapse imaging or in vitro culture prior to preparation of chromosome
spreads. Following siRNA injection, oocytes were transferred into IBMX
and cAMP-supplemented G-IVF medium, where they remained for 21 hr
before being placed in IBMX and cAMP-free G-IVF medium to mature for
5 hr before preparation of chromosome spreads.
Isolation of Oocytes from Preantral Follicles
Following puncture of antral follicles from excised ovaries, the remaining
ovarian tissue was centrifuged at 1000 rpm for 2 min. The supernatant
was discarded, and the pellet was washed twice in phosphate-buffered
saline (PBS). After the final wash, the pellet was resuspended in 0.5 mg/ml
collagenase and 2 IU DNase in PBS and incubated at 37C for 2 hr. Oocytes
were manually isolated and transferred to M2 medium supplemented with
0.044 mg/ml IBMX.
Preparation of mRNAs
CappedmRNA constructs with a 30 poly-A tail weremade using a T3mMES-
SAGE mMACHINE kit (Ambion) from plasmid cDNA encoding b-Tubulin-
GFP, histone H2-RFP (a gift from Z. Polanski), cyclin B-GFP (a gift from M.
Levasseur), and securin-YFP (a gift from K. Wassmann).
Oocyte Microinjection
Prophase-arrested oocytes were microinjected using a pressure injector
(Narashige) on a Nikon Diaphot microscope fitted with micromanipulators.
Injection needles were made from borosilicate glass capillaries using
a P-97micropipette puller (Sutter Instruments). Oocytes weremicroinjected
with approximately 1 pg of mRNA for expression of fluorophore-tagged
proteins orwith 1 mMof siRNA.We used Sgo2 siRNA (GGATAAAGACTTCCC
AGGAACTTTA) and a stealth negative control siRNA (Invitrogen).
Time-Lapse Imaging
Oocytes were imaged for 14–20 hr on a Nikon Ti inverted microscope using
a 203/0.75 NA Plan Fluor oil immersion objective with a Photometrics Cool-
SnapHQ interline cooled charge-coupled device (CCD) camera (Roper
Scientific). The microscope was fitted with a stage-mounted incubator
(Solent) to maintain an atmosphere of 7% CO2 at 37
C. For fluorescence
images, oocytes were illuminated by a Xenon bulb (Osram) using appro-
priate filter sets (Chroma Tech). Bright-field and fluorescence images
were acquired every 20 min on 5 3 0.75 mm Z planes. The filter wheels
and focus controllers (Prior Scientific) were driven by MetaMorph (Universal
Imaging) imaging software. Chromosome movements were tracked by
selecting the plane of best focus for each oocyte at every time point. Images
were processed using Metamorph and Adobe Photoshop software.
Preparation of Chromosome Spreads and Immunofluorescence
Air-dried chromosome spreads at various stages from prophase toMII were
prepared using methanol and acetic acid fixation or using gentle fixation
with paraformaldehyde to preserve chromosome-associated proteins [56].
Double-label immunofluorescence staining was carried out for Rec8 and
CREST. Rec8 was detected using guinea pig anti-Rec8 1:100 [57], and
centromeres were labeled with CREST antiserum 1:1000; secondary anti-
bodies were donkey-anti-guinea pig TRITC and goat-anti-humanCy5 (Jack-
son ImmunoReseach Laboratories). Immunofluorescence was detected by
a Leica DMRXA microscope and a Hamamatsu C4880-40 CCD camera.
Images were processed using Openlab 3.1.4 software. The Rec8:CREST
ratio was calculated by measuring the average fluorescence intensity within
a ‘‘region of interest’’ surrounding individual CREST foci. The mean fluores-
cence intensity was then obtained for the equivalent regions in the Rec8
images. The background fluorescence was subtracted before calculating
the fluorescence intensity ratios. Relative interkinetochore distances
between oocytes from young and aged mice were measured from the
maximal distance between outer margins of the CREST signal using ImageJ
or Metamorph software. Objectives were calibrated to obtain the conver-
sion factor from pixels to micrometers. Double-label immunofluorescence
staining was carried out for CREST and Sgo2.
Sgo2 was detected using rabbit anti-Sgo2 1:50, and centromeres were
labeled with CREST antiserum 1:50 (Cellon); secondary antibodies were
donkey-anti-rabbit Alexa Fluor 488 1:800 (Invitrogen) and goat-anti-human
Cy5 1:400 (Stratech Scientific). Immunoflourescence was detected with
a Nikon TE2000 inverted microscope and imaged using a Photometrics
CoolSnapHQ interline cooled CCD camera. Images were acquired using
Metamorph software. Images were processed using ImageJ software. 3Dsurface plots were created using background-subtracted Sgo2 or Rec8-
stained chromosome images. The plots show color-coded 3D renderings
of the pixel fluorescence intensity.
For analysis of MII oocytes, chromosome spreads were prepared accord-
ing to the method described above [56], were stained with DAPI alone or
with DAPI and CREST antiserum, and were analyzed for the presence of
single sister chromatids.
Statistical Analysis
Minitab was used for statistical analysis. Means were compared using
Student’s t test and analysis of variance and were expressed as means 6
standard deviation. Proportions were compared using the c2 test; the
Bonferroni correction was applied where multiple tests were performed.
Supplemental Information
Supplemental Information includes two figures and one movie and can be
found with this article online at doi:10.1016/j.cub.2010.08.023.
Acknowledgments
Work in M.H.’s laboratory was supported by the Newlife Foundation for
Disabled Children and from the UK Medical Research Council. S.L.P. and
V.F. were funded by studentships from the Infertility Research Trust and
the Genetics Society, respectively. Work in T.B.K.’s laboratory is supported
by the UK Biotechnology and Biological Sciences Research Council and by
National Institutes for Health Research Biomedical Research Centre on
Ageing. C.H. and A.K. are supported by grants from the Swedish Cancer
Society and the Swedish Research Council. Work in R.J.’s laboratory is sup-
ported by the Deutsche Forschungsgemeinschaft (German Research Foun-
dation; SPP1384). Work in Y.W.’s laboratory is supported by a Grant-in-Aid
for Specially Promoted Research from the Ministry of Education, Culture,
Sports, Science and Technology, Japan.
Received: April 29, 2010
Revised: July 7, 2010
Accepted: August 12, 2010
Published online: September 2, 2010
References
1. Hassold, T., and Hunt, P. (2001). To err (meiotically) is human: The
genesis of human aneuploidy. Nat. Rev. Genet. 2, 280–291.
2. Morris, J.K., and Alberman, E. (2009). Trends in Down’s syndrome live
births and antenatal diagnoses in England and Wales from 1989 to
2008: Analysis of data from the National Down Syndrome Cytogenetic
Register. BMJ 339, b3794.
3. Petronczki, M., Siomos, M.F., and Nasmyth, K. (2003). Un me´nage a`
quatre: The molecular biology of chromosome segregation in meiosis.
Cell 112, 423–440.
4. Kleckner, N. (2006). Chiasma formation: Chromatin/axis interplay and
the role(s) of the synaptonemal complex. Chromosoma 115, 175–194.
5. Moore, D.P., and Orr-Weaver, T.L. (1998). Chromosome segregation
during meiosis: Building an unambivalent bivalent. Curr. Top. Dev.
Biol. 37, 263–299.
6. Brar, G.A., and Amon, A. (2008). Emerging roles for centromeres in
meiosis I chromosome segregation. Nat. Rev. Genet. 9, 899–910.
7. Hauf, S., and Watanabe, Y. (2004). Kinetochore orientation in mitosis
and meiosis. Cell 119, 317–327.
8. To´th, A., Rabitsch, K.P., Ga´lova´, M., Schleiffer, A., Buonomo, S.B.C.,
and Nasmyth, K. (2000). Functional genomics identifies monopolin: A
kinetochore protein required for segregation of homologs during
meiosis i. Cell 103, 1155–1168.
9. Yokobayashi, S., and Watanabe, Y. (2005). The kinetochore protein
Moa1 enables cohesion-mediated monopolar attachment at meiosis I.
Cell 123, 803–817.
10. Nasmyth, K., and Haering, C.H. (2009). Cohesin: Its roles and mecha-
nisms. Annu. Rev. Genet. 43, 525–558.
11. Klein, F., Mahr, P., Galova,M., Buonomo, S.B.C., Michaelis, C., Nairz, K.,
and Nasmyth, K. (1999). A central role for cohesins in sister chromatid
cohesion, formation of axial elements, and recombination during yeast
meiosis. Cell 98, 91–103.
12. Parisi, S., McKay, M.J., Molnar, M., Thompson, M.A., van der Spek, P.J.,
van Drunen-Schoenmaker, E., Kanaar, R., Lehmann, E., Hoeijmakers,
Cohesin Loss during Female Reproductive Aging
1521J.H.J., and Kohli, J. (1999). Rec8p, a meiotic recombination and sister
chromatid cohesion phosphoprotein of the Rad21p family conserved
from fission yeast to humans. Mol. Cell. Biol. 19, 3515–3528.
13. Watanabe, Y., and Nurse, P. (1999). Cohesin Rec8 is required for reduc-
tional chromosome segregation at meiosis. Nature 400, 461–464.
14. Revenkova, E., Eijpe, M., Heyting, C., Gross, B., and Jessberger, R.
(2001). Novel meiosis-specific isoform of mammalian SMC1. Mol. Cell.
Biol. 21, 6984–6998.
15. Revenkova, E., Eijpe, M., Heyting, C., Hodges, C.A., Hunt, P.A., Liebe,
B., Scherthan, H., and Jessberger, R. (2004). Cohesin SMC1 beta is
required for meiotic chromosome dynamics, sister chromatid cohesion
and DNA recombination. Nat. Cell Biol. 6, 555–562.
16. Buonomo, S.B.C., Clyne, R.K., Fuchs, J., Loidl, J., Uhlmann, F., and
Nasmyth, K. (2000). Disjunction of homologous chromosomes in
meiosis I depends on proteolytic cleavage of the meiotic cohesin
Rec8 by separin. Cell 103, 387–398.
17. Kudo, N.R., Wassmann, K., Anger, M., Schuh, M., Wirth, K.G., Xu, H.,
Helmhart, W., Kudo, H., McKay, M., Maro, B., et al. (2006). Resolution
of chiasmata in oocytes requires separase-mediated proteolysis. Cell
126, 135–146.
18. Terret, M.E., Wassmann, K., Waizenegger, I., Maro, B., Peters, J.M., and
Verlhac, M.H. (2003). The meiosis I-to-meiosis II transition in mouse
oocytes requires separase activity. Curr. Biol. 13, 1797–1802.
19. Herbert, M., Levasseur, M., Homer, H.A., Yallop, K., Murdoch, A.P., and
McDougall, A. (2003). Homologue disjunction inmouse oocytes requires
proteolysis of securin and cyclin B1. Nat. Cell Biol. 5, 1023–1025.
20. McGuinness, B.E., Anger,M., Kouznetsova, A.,Gil-Bernabe´, A.M.,Helm-
hart, W., Kudo, N.R., Wuensche, A., Taylor, S., Hoog, C., Novak, B., and
Nasmyth, K. (2009). Regulation of APC/C activity in oocytes by a Bub1-
dependent spindle assembly checkpoint. Curr. Biol. 19, 369–380.
21. Homer, H.A., McDougall, A., Levasseur, M., Yallop, K., Murdoch, A.P.,
andHerbert, M. (2005).Mad2 prevents aneuploidy and premature prote-
olysis of cyclin B and securin during meiosis I in mouse oocytes. Genes
Dev. 19, 202–207.
22. Tsurumi, C., Hoffmann, S., Geley, S., Graeser, R., and Polanski, Z.
(2004). The spindle assembly checkpoint is not essential for CSF arrest
of mouse oocytes. J. Cell Biol. 167, 1037–1050.
23. Niault, T., Hached, K., Sotillo, R., Sorger, P.K., Maro, B., Benezra, R., and
Wassmann, K. (2007). Changing Mad2 levels affects chromosome
segregation and spindle assembly checkpoint control in female mouse
meiosis I. PLoS ONE 2, e1165.
24. Musacchio, A., and Hardwick, K.G. (2002). The spindle checkpoint:
Structural insights into dynamic signalling. Nat. Rev. Mol. Cell Biol. 3,
731–741.
25. Kerrebrock, A.W., Moore, D.P., Wu, J.S., and Orr-Weaver, T.L. (1995).
Mei-S332, a Drosophila protein required for sister-chromatid cohesion,
can localize to meiotic centromere regions. Cell 83, 247–256.
26. Kitajima, T.S., Kawashima, S.A., and Watanabe, Y. (2004). The
conserved kinetochore protein shugoshin protects centromeric cohe-
sion during meiosis. Nature 427, 510–517.
27. Llano, E., Go´mez, R., Gutie´rrez-Caballero, C., Herra´n, Y., Sa´nchez-
Martı´n, M., Va´zquez-Quin˜ones, L., Herna´ndez, T., de Alava, E.,
Cuadrado, A., Barbero, J.L., et al. (2008). Shugoshin-2 is essential for
the completion of meiosis but not for mitotic cell division in mice. Genes
Dev. 22, 2400–2413.
28. Lee, J., Kitajima, T.S., Tanno, Y., Yoshida, K., Morita, T., Miyano, T.,
Miyake, M., and Watanabe, Y. (2008). Unified mode of centromeric
protection by shugoshin in mammalian oocytes and somatic cells.
Nat. Cell Biol. 10, 42–52.
29. Kitajima, T.S., Hauf, S., Ohsugi, M., Yamamoto, T., and Watanabe, Y.
(2005). Human Bub1 defines the persistent cohesion site along the
mitotic chromosome by affecting Shugoshin localization. Curr. Biol.
15, 353–359.
30. Watanabe, Y., and Kitajima, T.S. (2004). Shugoshin protects cohesin
complexes at centromeres. Philos. Trans. R. Soc. Lond. B Biol. Sci.
360, 515–521.
31. McGuinness, B.E., Hirota, T., Kudo, N.R., Peters, J.M., and Nasmyth, K.
(2005). Shugoshin prevents dissociation of cohesin from centromeres
during mitosis in vertebrate cells. PLoS Biol. 3, e86.
32. McLaren, A. (1988). The developmental history of female germ cells in
mammals. Oxf. Rev. Reprod. Biol. 10, 162–179.
33. Uhlmann, F., and Nasmyth, K. (1998). Cohesion between sister chroma-
tids must be established during DNA replication. Curr. Biol. 8, 1095–
1101.34. Haering, C.H., Schoffnegger, D., Nishino, T., Helmhart, W., Nasmyth, K.,
and Lo¨we, J. (2004). Structure and stability of cohesin’s Smc1-kleisin
interaction. Mol. Cell 15, 951–964.
35. Hodges, C.A., Revenkova, E., Jessberger, R., Hassold, T.J., and Hunt,
P.A. (2005). SMC1b-deficient female mice provide evidence that cohe-
sins are a missing link in age-related nondisjunction. Nat. Genet. 37,
1351–1355.
36. Subramanian, V.V., and Bickel, S.E. (2008). Aging predisposes oocytes
to meiotic nondisjunction when the cohesin subunit SMC1 is reduced.
PLoS Genet. 4, e1000263.
37. Rowlatt, C., Chesterman, F.C., and Sheriff, M.U. (1976). Lifespan, age
changes and tumour incidence in an ageing C57BL mouse colony.
Lab. Anim. 10, 419–442.
38. Li, H., Guo, F., Rubinstein, B., and Li, R. (2008). Actin-driven chromo-
somal motility leads to symmetry breaking in mammalian meiotic
oocytes. Nat. Cell Biol. 10, 1301–1308.
39. Schuh,M., and Ellenberg, J. (2008). A newmodel for asymmetric spindle
positioning in mouse oocytes. Curr. Biol. 18, 1986–1992.
40. Azoury, J., Lee, K.W., Georget, V., Rassinier, P., Leader, B., and Verlhac,
M.-H. (2008). Spindle positioning in mouse oocytes relies on a dynamic
meshwork of actin filaments. Curr. Biol. 18, 1514–1519.
41. Schuh, M., and Ellenberg, J. (2007). Self-organization of MTOCs
replaces centrosome function during acentrosomal spindle assembly
in live mouse oocytes. Cell 130, 484–498.
42. Earnshaw, W.C., and Cooke, C.A. (1989). Proteins of the inner and outer
centromere of mitotic chromosomes. Genome 31, 541–552.
43. Kouznetsova, A., Lister, L., Nordenskjo¨ld, M., Herbert, M., and Ho¨o¨g, C.
(2007). Bi-orientation of achiasmatic chromosomes in meiosis I oocytes
contributes to aneuploidy in mice. Nat. Genet. 39, 966–968.
44. Wassmann, K., Niault, T., and Maro, B. (2003). Metaphase I arrest upon
activation of the Mad2-dependent spindle checkpoint in mouse
oocytes. Curr. Biol. 13, 1596–1608.
45. Duncan, F.E., Chiang, T., Schultz, R.M., and Lampson, M.A. (2009).
Evidence that a defective spindle assembly checkpoint is not the
primary cause of maternal age-associated aneuploidy in mouse eggs.
Biol. Reprod. 81, 768–776.
46. Peters, J.M., Tedeschi, A., and Schmitz, J. (2008). The cohesin complex
and its roles in chromosome biology. Genes Dev. 22, 3089–3114.
47. Hamant, O., Golubovskaya, I., Meeley, R., Fiume, E., Timofejeva, L.,
Schleiffer, A., Nasmyth, K., and Cande, W.Z. (2005). A REC8-dependent
plant Shugoshin is required for maintenance of centromeric cohesion
during meiosis and has no mitotic functions. Curr. Biol. 15, 948–954.
48. Kirkwood, T.B.L. (2005). Understanding the odd science of aging. Cell
120, 437–447.
49. Liu, L., and Keefe, D.L. (2008). Defective cohesin is associated with age-
dependent misaligned chromosomes in oocytes. Reprod. Biomed. On-
line 16, 103–112.
50. Sakuno, T., and Watanabe, Y. (2009). Studies of meiosis disclose
distinct roles of cohesion in the core centromere and pericentromeric
regions. Chromosome Res. 17, 239–249.
51. Xu, H., Beasley, M.D., Warren, W.D., van der Horst, G.T.J., and McKay,
M.J. (2005). Absence of mouse REC8 cohesin promotes synapsis of
sister chromatids in meiosis. Dev. Cell 8, 949–961.
52. Angell, R. (1997). First-meiotic-division nondisjunction in human
oocytes. Am. J. Hum. Genet. 61, 23–32.
53. Pellestor, F., Andre´o, B., Anahory, T., and Hamamah, S. (2006). The
occurrence of aneuploidy in human: Lessons from the cytogenetic
studies of human oocytes. Eur. J. Med. Genet. 49, 103–116.
54. Battaglia, D.E., Goodwin, P., Klein, N.A., and Soules, M.R. (1996). Influ-
ence of maternal age onmeiotic spindle assembly in oocytes from natu-
rally cycling women. Hum. Reprod. 11, 2217–2222.
55. Kong, A., Barnard, J., Gudbjartsson, D.F., Thorleifsson, G., Jonsdottir,
G., Sigurdardottir, S., Richardsson, B., Jonsdottir, J., Thorgeirsson, T.,
Frigge, M.L., et al. (2004). Recombination rate and reproductive success
in humans. Nat. Genet. 36, 1203–1206.
56. Hodges, C.A., and Hunt, P.A. (2002). Simultaneous analysis of chromo-
somes and chromosome-associated proteins in mammalian oocytes
and embryos. Chromosoma 111, 165–169.
57. Kouznetsova, A., Novak, I., Jessberger, R., and Ho¨o¨g, C. (2005). SYCP2
and SYCP3 are required for cohesin core integrity at diplotene but not
for centromere cohesion at the first meiotic division. J. Cell Sci. 118,
2271–2278.
